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ABSTRACT 



cn 



Aims. We search for signatures of transition region explosive events (EEs) in hydrogen Ly/? profiles. 

Methods. Two rasters made by the SUMER (Solar Ultraviolet Measurements of Emitted Radiation) instrument on board SOHO in 
a quiet-Sun region and an equatorial coronal hole are selected for our study. Transition region explosive events are identified from 
profiles of C ii 1037 A and O vi 1032 A, respectively. We compare hy/3 profiles during EEs with those averaged in the entire quiet-Sun 
, and coronal-hole regions. The relationship between the peak emission of Ly/3 profiles and the wing emission of C ii and O vi during 

■ EEs is investigated. 

Results. We find that the central part of Ly/5 profiles becomes more reversed and the distance of the two peaks becomes larger during 
r"| \ EEs, both in the coronal hole and in the quiet Sun. The average hy/3 profile of the EEs detected by C ii has an obvious stronger blue 

O peak. During EEs, there is a clear correlation between the increased peak emission of Ly/? profiles and the enhanced wing emission 

I ■ of the C II and O vi lines. The correlation is more pronounced for the hy/3 peaks and C ii wings, and less significant for the hy/3 blue 

O ' peak and O vi blue wing. We also find that the Ly/3 profiles are more reversed in the coronal hole than in the quiet Sun. 

Conclusions. We suggest that the jets produced by EEs emit Doppler- shifted hy/3 photons, causing enhanced emission at positions 
C/) , of the peaks of Ly/3 profiles. The more-reversed Ly/3 profiles confirm the presence of a larger opacity in the coronal hole than in the 

quiet Sun. The finding that EEs modify the Ly/3 line profile in QS and CHs implies that one should be careful in the modelling and 
interpretation of relevant observational data. 
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ly^ , 1, Introduction Il997bh . Sometimes EEs are found to burst repeatedly in the 

■ same region, possibly a result of repetitive reconnections trig- 
SO ' Transition region (TR) explosive events (EEs) are small-scale f P-mode osc il^n s or transve rs^^c ilto^^^^ of the 
O dynamic phenomena often observed in the far and extreme ul- t^^es (|Nmg et al. L i DoyleetalJ , l2Q06|; | Chen & Priesi 
O : traviolet (FUV/EUV) spectral lines formed in the solar tran- .2006). Although EEs are best seen m typical TR Imes, they can 
^ sition region. They w ere detected for the first time by the generally be detected in spectral lin es with formation teu m^ 

NRL/HRTS instrument jBrueckne & BartodB- Since 1996, .y^^ffM S^^^^^^^ fe ^ ^ 
. Iph data obtained by the SUMER (Sola r Ultraviolet M easurements i^^naca et al. |, \2XmA l ^opescu et al. |, [zyu / ). 

/\^ of Emitted Radiation) spectrograph (IWilhelm et al.LlT995, 1997 ^) Hydrogen is the most abundant element in the solar atmo- 

^ have been widely used to study EEs. With high spatial and sphere and its resonance l ines play an importan t role in the en- 

- - spectral resolution, and wide spectral coverage, SUMER has ergy transport of the Sun (' Fontenla et al.Lll988 h. Ly/3 is the sec- 
greatly increased our knowledge of EEs. EEs are characterized ond prominent line in the H Lyman series. Important informa- 
by non-Gaussian and broad profiles with enhancements in the tion on the highly dynamic TR structures may be carried by the 
blue/red wings wi th an average line-of-sight Doppler veloci- profiles of this line. Early rocket and satellite observations ob- 
ties of -100 km/s (iDere et al.l. [l989l: llnnesetali Il997ah . They tained some Lyfi profiles (iReevesL 1 19761: iLemaire et all. 119781: 
have a small spatial scale of abo ut 1 800 km and a short life- Vial, 1982). However, the profiles obtained in these early obser- 
time of about 60 s on average (Ter iaca et all l2004l) . Explosive vations suffered from geocoronal absorption. Theoretical mod- 
events tend to occur along the boundaries of the magnetic net- els suggested that the reversal at the center of the Ly/3 pro- 
work, where weak mixed-polarity magnetic features are pre sent files is formed in the upper chromosphere and lower transi- 
(iPorter & Derd 1 19911: IChae et all 1 19981: iTeriaca et al.L l2004l) . As tion region, while the wings formed in the lower chromosphere 
EEs are often found to be associated with magnetic cancelation (Go uttebroze et all 119781: iBarsi et all Il979l: ISchmieder etall 
and reveal bi-directional flows with high velocities comparable 1998*). Recently, the Ly/3 profiles obtained with the SUMER 
to the local Alfven velocity, they have been sugges ted to be a instrument have been extensively investigated. Most Ly/3 pro- 
consequence of small-scale magnetic reconnections (Jnnes et all files appear to have a non-Gaussian shape with a self-reversal 
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Fig. 1. Two EIT images in the 195 A pass- 
band. The white rectangles indicate the 
scanned regions by SUMER (left: QS right: 
ECH), the curve on the right image outlines 
the ECH boundary. 



Table 1. Information of the SUMER observations 



Date 


Time 


Solar X 


Solar Y 


Detector 


slit 


Exposure time 


1999.03.11 


01:28-02:25 


(-63", 67") 


0" 


A 


2 


30 s 


1999.03.11 


12:09-13:09 


(-223", -88") 


280" 


A 


2 


30 s 



at the center and Vw o peaks aside, with different shapes in dif- 



ferent 



regions ( Warren 
2QQ3l:IXiaetal.Ll2QQ4l:l^ 



19981; 'Heinz el et all 12001 



Curdt et all 120081: iTian et al 



Xial 



2007 



Warren et aL„ . , 

Vial et a l. 2007; Sch mieder eFall 

2009a,byG: .Curdt et all l2010aV It 
is believed that the asymmetries of the LyyS profiles are prob- 
ably caused by the combined eff'ect of flows and opacity in 
diff'erent layers of the solar atmosph ere (Fontenla et all 120021: 
iGunar et all l2008l: iTian et alll2009bl) . Hig her-order Lyman line 
profiles were also studied. For example, 'Warr en et alJ (1 19981) 
found that the average profiles for Ly/5 through Lye (^=5) 
are self-reversed and the remaining lines are flat-topped, and 
iMadjarska & Doyld (l2002h found that pro files through Ly-6 to 
Ly-11 reveal self-absorption during EEs. IMadjarska & Doyla 
(l2002h suggested that the observed central depression during 
EEs in Lyman lines may be mainly due to an emission increase 
in the wings. 

Although previous studies have demonstrated that hydrogen 
Lyman series behave very diff'erently in diff'erent solar regions, it 
is clear that more data need to be analyzed to advance our knowl- 
edge. As the second prominent line of the hydrogen Lyman se- 
ries, LyyS has been frequently used in SUMER observations, and 
can thus provide a valuable tool to diagnose diff'erent structures 
and properties in various solar regions. 

In this paper, we use co-temporal observations of O vi, C ii, 
and LyyS in a quiet- Sun region (QS) and an equatorial coronal 
hole (ECH), to search for signatures of EEs in LyyS profiles in 
these diff'erent solar regions. The correlation between the in- 
creased peak emission of LyyS profiles and the enhanced wing 
emission of O vi and C ii is investigated and discussed. 



2, OBSERVATIONS AND DATA ANALYSIS 

Information of the SUMER observations is listed in Table[T] The 
first data set was taken in the quiet Sun, and the second one was 
obtained in an equatorial coronal hole. The solar X (East- West) 
refers to the coordinate range of the scanned region. The solar Y 
(South-North) refers to the coordinate of the slit center. Each of 
the data includes O vi (1031.9 A, ^ 3 x lO^K), C ii (1037.0 A, 
^ 5 X lO^K), and H I LyyS (1025.7 A, ^ 2 x lO^K) lines and 



a series of full detector readouts at diff'erent wavelengths. The 
scanned regions are outlined by white rectangles and overlapped 
on the EIT 195 images (see Fig[T]). 

We applied the standard procedures for correcting and cali- 
brating the SUMER raw data. They include decompression, re- 
versal, flat-field, dead-time, local-gain, and geometrical correc- 
tions. We extracted the raster scan coordinates from the head- 
data files of SUMER and eliminated eff'ects of the solar rotation. 
The coalignment of images obtained by diff'erent instruments 
was achieved through a cross-correlation between the LyyS in- 
tensity maps, the EIT images and MDI magnetograms. 

EEs were identified by O vi and C ii profiles, re spectively. 
We first used the procedure described in IXial (l2003l) to deduce 
the widths of all spectra and calculated the standard deviation of 
the widths. We disregarded the noisy profiles with a peak inten- 
sity smaller than the half-peak intensity of the average profile. 
Then the profiles with a width larger than three standard devia- 
tions (3(t) were singled out for further visual inspection to finally 
determine the occurrence of EEs. Our method is similar to those 
used bv .Teriaca etal.1 (l2004 . 



3. RESULTS 

Figure [2] shows the EIT images in the 195 A passband, magne- 
tograms obtained by MDI, intensity maps of LyyS , C ii and O vi. 
In the upper panel, in order to remove the interference of a coro- 
nal bright point (seen in the bottom of the EIT map), we used 
only the region above the horizontal line to calculate the aver- 
aged quiet-Sun profiles. In the lower panel, the boundary of the 
equatorial coronal hole was determined with the intensity thresh- 
old of the EIT image The magnetogram, intensity 
maps of LyyS ,C ii and O vi are overlaid by black contours to 
outline the chromospheric network, which occupies 33% of the 
whole area and is characterized by the highest intensities of the 
continuum around 1032 A. It is clear that the network coincides 
with the concentration of strong photospheric magnetic fields. 
In the QS region, strong magnetic fields with positive (white) 
and negative (black) polarities are both present inside the net- 
work, while in the ECH region the network regions are domi- 
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Fig. 2. EIT images in the 195 A passband, magnetograms (unit: G) obtained by MDI, intensity maps (unit: counts/3 Os/line) of LyyS , 
C II and O vi (top: QS bottom: ECH). Contours overlaid on the magnetogram and intensity maps of SUMER, obtained from the 
continuum around 1032 A, outline the chromospheric network. EEs are marked with the red '+' symbols. The '+' symbols in EIT 
images mark locations of four EEs which are analyzed in FigO 



nated by strong positive magnetic fields and only a few weak 
mixed-polarity fields are present. The network structures indi- 
cated by the continuum intensity coincide well with the strong 
emission of the three lines. There are many loop-like structures 
which have visible footpoints lying on the edge of networks and 
extend into the cell interiors. The loop-like structures can be 
identified much easier in the ECH than in the QS. A more de- 
tailed discu ssion about the m orphology in these two regions can 
be found in Xia et al.l (|2QQ4 . 

Explosive events are best seen in typical transition-region 
lines like Si wiTe ~ 8 x 10^ K), they can generally be de- 
tected in spectral lines with formation temperatures ranging 
from -lO^to 5x10^ K (Madiarska & Dovle, 2002; Teriaca et al., 
I2OO2I: IPopescu et al.1. 120071) . Here we use two transition-region 
lines C 11 and O vi, respectively, to identify EEs. The identified 
events are referred to as "C 11 EEs" and "O vi EEs" hereinafter. 
In Fig. [2I the red '-h' in intensity maps of C 11 and O vi mark 
locations of pixels where EEs were identified. We find 136 EE 
pixels detected by the C 11 line and 167 by the O vi line in the 
QS, and 70 and 78 correspondingly in the ECH. Neighboring 



EE pixels in each spectral line are regarded as given by a single 
event. The average occurrence rates of EEs in both regions are 
then estimated to be ab out IxlO'^^cm'^^-"^ , which is compara- 
ble to that obtained by iTeriaca et al.l (12004") in a QS region. It 
is clear that most of the EEs lie in the network or on the edge 
of the network, in line with previous studies. Furthermore, it is 
interesting to find that the pixel positions of the EEs observed in 
the C II and O vi lines are not spatially overlaid with each other 
in most cases. However, this doesn't mean that there is no con- 
nection between these two lines during the events. By inspection 
of detailed line profiles, when an EE detected only in one spec- 
tral line (i.e., with the line width wider than 3(t), the other one 
recorded in the same spectral window at the same location often 
responses simultaneously and reveals a significant non-Gaussian 
profile although its line width is still smaller than 3(T. Note that 
the formation temperature of the C 11 line is about 5 xlO"^ K 
which is an order lower than that of the O vi line. This diflTerence 
of line temperature may result in a diflferent spectral response 
to an EE. The response may depend on the height where an EE 
occurs. A time delay may also exist in the response of the high 
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Fig. 3. O VI, Ly/? , C ii profiles of four EEs 
(marked in the EIT images of Fig. 2). Thin 
lines show the average profiles in the QS 
and ECH. Dotted-lines represent the en- 
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temperature line with respect to the lower temperature line, if an 
EE bursts at a lower height. 

We selected four individual EEs at different locations de- 
tected simultaneously by both the C ii and O vi lines (two in QS 
and two in ECH, two dominated by red peak and two by blue 
peak). These EEs are marked on the EIT images shown in Fig 121 
In FigO we present EE profiles of the three lines including O vi, 
LyyS and C ii (shown by thick lines), as well as the mean profiles 
in the whole QS and ECH (shown by thin lines). The emission 
enhancements in the wings of the O vi and Ly/5 lines are better 
revealed in the dotted lines which are given by subtracting the 
mean profiles from the EE ones. We find that during the EEs, 
velocities of the order of 50-100 km/s are clearly present on the 
O VI line wings, while the C ii line presents a significant burst- 
ing feature. Note that we can only plot the profiles with Doppler 
velocity of ±80 km/s for the C ii line due to the presence of an- 
other two lines (C ii at 1036.3A and O vi at 1037.6A). It can 
be seen that the corresponding Ly/5 profiles behave rather diflTer- 
ently with a stronger enhancement at the wings and a deeper 
reversal at the center. In most cases, the distance of the two 
peaks of LyyS profiles is apparently larger than that of the mean 
LyyS profiles, and the intensity and position of the wing peaks 
of the LyyS line correlate well with those of the O vi line (shown 
by dotted lines). For the three events shown in the first, third and 
fourth rows of Fig {31 their LyyS profiles show very small change 
of intensity in the line center compared to the mean profile, al- 
though their wings enhance very strongly. Note that the above 
descriptions are only for the four selected individual events de- 
tected simultaneously with both the O vi and C ii lines. The more 
general properties of the observed events will be analyzed below. 



Figure |4] shows different kinds of average O vi, LyyS and 
C II profiles observed in the QS and ECH regions. The dashed- 
vertical lines in each panel indicate the central position of the 
profile averaged in the relevant QS or ECH region. According 
to the intensity of the LyyS line, we divided each region of ECH 
and QS into three parts: top 33%, lower 33%, and intermediate- 
radiation regions. Then we calculated the average O vi, LyyS and 
C II profiles in each radiation region. We find that the red peak of 
Ly/5 profile is higher than the blue peak in the QS, and the trend 
becomes more apparent with increasing intensity of LyyS(seen in 
bottom panels). In the ECH, the self reversal at the center of the 
LyyS profile is obvious and a deeper one is observed with in- 
creasing intensity, while the strengths of two peaks are basically 
the same (seen in top panels). 

In Fig.m we also plot the average O vi, LyyS and C ii profiles 
of the O VI EEs (shown by thick solid lines) and the C ii ones 
(shown by thick dashed lines), respectively. It can be seen that 
the average LyyS profiles of the EEs in both ECH and QS regions 
show a deeper self-reversal and two prominent wing peaks, and 
the trend is more obvious for the C ii EEs than the O vi ones. In 
the ECH, compared with the mean ECH profile(shown by thin 
solid lines), the average O vi profile of the O vi EEs has a broader 
width and is shifted towards the blue side, while that of the C ii 
EEs is not very different. The C ii line of the O vi EEs is on 
average broader than that of the mean ECH profile, and that of 
the C II EEs is even broader. They both tend to have a more 
enhanced blue wing. And again, the blue wing of the C ii EEs is 
more enhanced than that of the O vi ones. For the Ly/5 line, the 
average profile of the O vi EEs is almost symmetric and that of 
the C II EEs has an obviously stronger blue peak. The distances 
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Fig. 4. Different kinds of average O vi, hy/S and C ii profiles (left column: O vi, middle column: right column: C ii; top panels: 
ECH, bottom panels: QS). Thin solid line is the average profile of each region of entire ECH and QS. Thin dash-dotted, thin dotted 
and thin dashed lines represent profiles averaged in the top 33%, lower 33%, and intermediate-LyyS-radiation regions, respectively. 
Thick solid line shows the average profile of EEs detected by the O vi line and thick dashed line by the C ii line. See also the legend 
in the top-left panel. 



Table 2. Correlation coeflftcients of enhanced emission during 
EEs 



correlated parameters 


VI EEs 


C II EEs 




red 


blue 


red 


blue 


QS (0 VI wing ~ Ly/3 peak) 


0.74 


0.37 


0.77 


0.51 


QS (C II wing ~ Ly/3 peak) 


0.60 


0.60 


0.76 


0.63 


CH (0 VI wing ~ Ly/3 peak) 


0.70 


0.36 


0.36 


0.34 


CM (C II wing ~ Ly/3 peak) 


0.83 


0.72 


0.72 


0.76 



of the two peaks observed in both the O vi EEs and C ii EEs are 
larger than that of the mean ECH profile, and that for the C ii 
EEs is the largest. In the QS, similar trends can be found for the 
widths of the C ii and O vi lines. However, the C ii profile of the 
O VI EEs shows a more enhanced red wing, which may be at least 
partly caused by the greatly enhanced blue wing of another O vi 
line at 1037.6A. And, for the LyjS line, the red peak is stronger in 
the QS, in contrast with the features observed in the ECH. The 
distance of the two peaks in the QS also shows a similar trend as 
that in the ECH. 

In order to quantify the correlation between the increased 
peak emission ofhyJ3 profiles and the enhanced wing emission of 
O VI, we calculated the photon counts of blue/red wing (Doppler 
velocity from 30 km/s to 100 km/s) of O vi profiles and the pho- 
ton counts of blue/red peak (Doppler velocity from 30 km/s to 70 



km/s ) of Ly J3 profiles at EE pixels in the QS and ECH, respec- 
tively. In the same way, we also calculated the correlation coeflft- 
cients between the C ii wings (Doppler velocity from 30 km/s to 
70 km/s) and the LyjS peaks. Figure[5]presents the corresponding 
scatter plots. We also list the calculated correlation coeflftcients 
in Table [21 which are all positive. It seems that the enhancement 
of the LyjS peaks represents the signature of EEs. Furthermore, 
the correlation seems to be quite good for all red/blue wings 
of C II profiles and all red wings of O vi profiles. For the O vi 
line, the correlation seems to be weaker on the blue than the red 
side. Note that the formation temperature of the C ii line is much 
closer to that of the LyjS line than that of the O vi line. This may 
explain the better correlation between the increased peak emis- 
sion of the Lyfi line and the enhanced C ii wings during EEs. 

4. DISCUSSION 

The major finding of this paper is that there is a clear correlation 
between the increased peak emission of Ly/3 profiles and the en- 
hanced wing emission of the transition-region lines, especially 
the C II line, which has a formation temperature close to that of 
the LyjS line. This result indicates that EEs can greatly modify 
Ly 13 profiles, especially the two peaks of the profiles. The clear 
correlation suggests that EEs are responsible for the enhanced 
peak emission of LyjS. 
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Fig. 5. Relationship between photon counts of blue/red wing of O vi and C ii profiles and photon counts of blue/red peak of 
LyP profiles during EEs. The correlation coefl&cient is shown in each panel (upper two panels: QS; bottom two panels: ECH) 



We can assume that the Lyj3 emission during EEs has two 
components, the background emission and the jet emission. The 
former is the emission from the background QS or CH. Its source 
lies in the upper chromosphere and lower TR. As it propagates 
to the upper atmosphere, emission from the central part of the 
profile is absorbed by the atomic hydrogen, revealing a central 
depression in the profile. On the other hand, the jet emission is 
largely different. Jets produced by EEs can heat the relatively 
cold background plasma causing enhanced ionization and fur- 
ther emission in the whole profile of colder lines. This is con- 
firmed by the jet emission of C ii shown in FiglJl At the same 
time, the plasma can also be accelerated to a much higher veloc- 
ity causing greatly enhanced emission in their line wings. Since 
the jets are usually bidirectional with a high speed, the Ly j3 pho- 
tons emitted by the jets should also be Doppler- shifted towards 
both longer and shorter wavelengths. If the speed of the jets has 
a line-of-sight component, we should observe these Doppler- 
shifted LyjS emission which is added to the almost-at-rest back- 
ground LyjS emission, causing enhancement of the peaks of the 
background Lyfi profiles. The jet-emitted Lyfi profiles experi- 



ence much less radiative transfer process. This is because that 
the EEs are most prominent in the middle and upper TR, above 
which the density is very low and the atomic hydrogen can not 
significantly absorb the emission from below. Also, the almost 
rest coronal atmosphere could not absorb the Doppler- shifted jet 
emission due to the lack of the wavelength match. 

'Madiarsk a & Dovld ("2002*) found that profiles through Ly- 
6 to Ly-11 reveal self-absorption during EEs. The authors con- 
cluded that the observed central depression during EEs in Lyman 
lines may be mainly due to an emission increase in the wings. 
Our analysis of the LyjS profiles during EEs suggests that the jets 
produced by EEs emit Doppler- shifted Lyfi photons and cause 
enhanced emission at the peaks of Ly/3 profiles. Our result com- 
plements that in iMadjarska & Doylq (l20Q2h . In addition, most 
previous studies on EE-like dynamic events were conducted 
based on analysis of optically-thin spectral lines (such as Si IV 
and O VI lines). Our result further indicates that LyjS and other 
Lyman lines could be used to identify these transient events even 
in absence of strong spectral lines in the transition region. Since 
hy/S is the second prominent line in the hydrogen Lyman series 
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and is much more frequently used in observations, the variation 
of the LyyS profiles provides a good tool to diagnose dififerent 
structures and properties in diflTerent regions. Our finding of the 
signatures of EEs in Ly/5 profiles is thus helpful to investigate 
the thermodynamics of the jets produced by EEs. 

The average LyyS profiles of EEs have an obviously stronger 
red peak in the QS, while in the ECH the blue peak seems to be 
stronger for the C ii EEs. The different relative strengths of the 
blue- shifted and red- shifted jet-components might account for 
the diflferent asymmetries. In Section 3, we have discussed the 
average line widths of EE pixels and found the C ii profile of the 
C II EEs in the ECH has an enhanced blue wing being more pro- 
nounced than other profiles. Correspondingly, the blue peak of 
LyyS is relatively stronger and the peak separation is larger. The 
blue- shift of EEs may cause the relatively significant blue peak 
of LyyS profiles. As we know, fast bidirectional jets can lead to 
the separation of the two peaks. From line profiles of the four 
typical EEs, we suggest that the diflTerent asymmetry of Ly/5 pro- 
files seems to be a result of diflferent speed and strength of EEs' 
jets. 

In the quiet Sun, most Ly^g profiles are found to have a 
stronger red peak (I Warren et al.L ll998k . In fa ct, the Ly^g pro- 
file has diflTeren t shapes in diflTerent regions. * Xial (l2QQ3t) and 
IXia et al.l (l2004l) found that there are more Lyyg profiles with a 
stronger blue peak in equatorial coronal holes than in the quiet 
Sun, so that the red-peak asymmetr y of the av e rage Ly P pro- 
file is less pronounced in the ECH. iTian et all (l2Q09bl) found 
that LyjS profiles in polar coronal hole have a stronger blue-peak 
which is opposite to those in the QS. Here we find that the aver- 
age LyjS profile in the ECH has almost symmetrical peaks. The 
diflTerent asymmetries of the LyjS profiles might reflect differ- 
ent flow fields of the upper solar atmosphere in different parts 
of the Sun. The most prominent difference of systematic flow 
systems between the polar coronal hole and quiet-Sun regions 
is that upflows a re predominant in the upper TR of polar coro- 
nal h oles (.Dammasch et al.L 1 19991: iHassler et al.l 1 19991: iTu et al.l. 
l20Q5l:lTianetal.Ll2QlQl) . while upflows are localized at network 
junctions i n the upper TR of the quiet Sun (" Hassler et al.L 1 19991: 
iTian et al.L [2008. 2QQ9d). In ECHs, the flow pattern in the up- 
per TR might be similar to that of the polar coronal hole but 
the magnitude of the upflows mi ght be smaller feia et al.Ll2003l : 
I Aiouaz et all l2005l: iRaiul. l2009h . So the average Lyfi profile in 
the ECH reveals an almost symmetrical shape, in an intermedi- 
ate phase between the red-peak-dominance in the quiet Sun and 
blue-peak-dominance in polar coronal holes. Another possibil- 
ity might come from the larger opacity in the coronal hole. Our 
data reveals that the LyjS profiles are on average more reversed in 
the the ECH than in the QS, which indicates that the opacity is 
larger in the ECH. This finding complements the previous find- 
ing o f a larger opacity in polar coronal holes than in the quiet 
Sun (lTianetal.1. l2009b l). We may assume that the Lyfi line be- 
haves more or less similar to typical TR lines in the quiet Sun. 
In polar coronal holes, the opacity is so large that the Ly/3 line 
now behaves more similar to Lya , with a stronger blue peak 
(ICurdt et al.U2010bh . If the opacity in the ECH is larger than that 
in the QS but smaller than that in the polar coronal holes, then it 
is not surprising to observe the almost symmetrical Lyfi profile 
in the ECH. 

The average and four typical LyjS profiles imply the contri- 
bution from the wings of EEs. We qualitatively analyzed the rel- 
evance between the wings of EEs and peaks of Ly 13 profiles. The 
relevance between C ii wings of EEs and LyjS peaks is very sig- 
nificant, but for the O vi line, the relevance between blue wings 
of EEs and blue peaks is genenally poorer than that between 



their red counterparts, especially in the ECH. As we know, C ii 
has a formation temperature close to that of LyjS, which is about 
an order lower than that of O vi. During EEs, it seems that in 
general, the variation of LyjS peaks correlates more closely with 
that of C II. However, the scan data used here have no informa- 
tion of time. A larger error appears if the time difference exists 
among the different lines which are emitted in different layers 
of the solar atmosphere when EE occurs, especially when we 
are using the scan data with la rger exposure time. For exam- 
ple, i Madjarska & Doyl3 (l2002h have observed a time delay of 
about 20-40 s in the response of the transition-region line (S 
VI, 200 OOOK) with respect to the chromospheric line (H I Ly 
6, 20 OOOK), when an EE can be seen in a chromospheric line. 
Therefore, this conclusion should be verified in the future by 
analyzing more data, especially time- series data with short ex- 
posure times. 

Previous studies have confirmed that the line shapes of 
Lya and LyjS were significantly affected by quasi - steady flo^y 
field in the transition region (ICurdt et al.[ 120081: iTianetaLl 
2009a). In this paper, we find the LyjS profiles are also modified 
by the transient flow field generated by EEs in QS and ECH. This 
finding implies that one should be careful in the modelling and 
interpretation of such observational data. According to our re- 
sults, Lyman profiles, especially when observed at a high spatial 
and temporal resolution, are affected by both EEs and opacity. 
When the underlying dynamic process of the solar atmosphere 
is analyzed by using Lyfi and other Lyman lines, one should 
consider not only the line source function and opacity, but also 
the flow field in the transition region, including both the quasi- 
steady and transient flows. For instance, one needs to take all 
these factors into account for the numerical simulation in order 
to explain the observed line shapes of Lyman series and their 
relation with the flow field. 

The LyJ3 line is the second strongest line of hydrogen Lyman 
series. Some observational features of this line are similar to 
those of Lya, while some are very different. The opacity of 
Lya is much larger than that of LyjS. It is interesting to ask 
whether there are similar behaviours of Lya profile during EEs, 
which needs to be addressed in the future. Since hydrogen is 
the most abundant component of the Sun and Lya is the most 
prominent line emitted by the chromosphere and lower transi- 
tion region, such studies could thus be important for the future 
high-resolution observations of Lyman lines. Moreover, it is also 
interesting to look for signatures of other solar dynamic events 
(such as flares and CMEs) in Lyman lines in order to study 
these dramatic eruptions. As the formation height of Lyman lines 
in the solar atmosphere is relatively low, their response to the 
events could be used to study the initiations of these eruptions 
and to advance the predicting technology of the associated space 
weather events. 

5. CONCLUSION 

We have used co-temporal observations of O vi, C ii and LyjS in 
a quiet-Sun region and an equatorial coronal hole to search for 
signatures of explosive events in LyjS profiles. We find that EEs 
have significant impacts on the profiles of Ly/3. During EEs, the 
center of Ly/3 profiles becomes more reversed and the distance 
of the two peaks becomes larger, both in the equational coronal 
hole and in the quiet Sun. The average Ly/3 profile of the EEs 
detected by C ii has an obvious stronger blue peak. Statistical 
analysis shows that there is a clear correlation between the in- 
creased peak emission of Lyj3 profiles and the enhanced wing 
emission of C ii and O vi. The correlation is more obvious for the 
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LyyS peaks and C ii wings, and less significant for the LyyS blue 
peak and O vi blue wing. It indicates that the jets produced by 
EEs emit Doppler- shifted LyyS photons, causing enhanced emis- 
sion at positions of the peaks of LyyS profiles. The more-reversed 
LyyS profiles confirm the presence of a larger opacity in the coro- 
nal hole than in the quiet Sun. 
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